ABSTRACT. It was hypothesized that metabolic programming of processes underlying puberty can be shifted temporally through the use of a stair-step compensatory growth model such that puberty is optimally timed to occur at 11 to 12 mo of age. Forty crossbred beef heifers were weaned at approximately 3.5 mo of age and, after a 2-wk acclimation period, were assigned randomly to 1 of 4 nutritional groups: 1) low control (LC), restricted feed intake of a forage-based diet to promote BW gain of 0.5 kg/d until 14 mo of age, 2) high control (HC), controlled feed intake of a high-concentrate diet to promote BW gain of 1 kg/d until 14 mo of age, 3) stair-step 1 (SS-1), ad libitum feed intake of a high-concentrate diet until 6.5 mo of age followed by restricted access to a high-forage diet to promote BW gain of 0.35 kg/d until 9 mo of age, ad libitum feed intake of a high-concentrate diet until 11.5 mo of age, and restricted intake of a highforage diet to promote BW gain of 0.35 kg/d until 14 mo of age, and 4) stair-step 2 (SS-2), reverse sequence of SS-1, beginning with restricted access to a high-forage diet. Body weight (every 2 wk) and circulating concentrations of leptin (monthly) were determined throughout the experiment. Concentrations of progesterone in blood samples collected twice weekly beginning at 8 mo of age were used to determine pubertal status. Body weight gain followed a pattern similar to that proposed in our experimental design. Circulating concentrations of leptin increased following distinct elevations in BW but decreased abruptly after feed intake restriction. Survival analysis indicated that the percentage of pubertal heifers in the LC group was lower (P < 0.05) than all other groups throughout the experiment. Although heifers in SS-1 were nutritionally restricted between 6.5 and 9 mo of age, the proportion pubertal by 12 mo of age did not differ (P = 0.36) from that of the HC group, with 80% and 70% pubertal in SS-1 and HC, respectively. In contrast, the proportion of heifers pubertal by 12 mo of age in the SS-2 group (40%) was lower (P < 0.05) than both HC and SS-1. However, by 14 mo of age, 90% of heifers in the SS-2 group had also attained puberty compared to only 40% of the LC group. In summary, these data provide evidence that changes in the nutritional and metabolic status during the early juvenile period can program the onset of puberty that occurs months later, allowing optimal timing of sexual maturation in replacement beef heifers.
INTRODUCTION
Developing managerial strategies that optimize the timing of sexual maturation of heifers to allow maximum lifetime productivity remains a major goal of the beef industry. Because multiple estrous cycles before first breeding are often required to achieve optimal fertility (Byerley et al., 1987) , assuring that puberty is attained in advance of 14 mo of age is critical for heifers to calve as 2-yr-olds (Lesmeister et al., 1973) .
Age at puberty in heifers is controlled largely by genetic and environmental factors, among which nutrition has a major influence. Nutrient restriction during postnatal development delays puberty (Day et al., 1984) , and feeding high-concentrate diets during the juvenile period can markedly increase the frequency of precocious puberty (puberty ≤ 300 d; Gasser et al., 2006a) . Although the mechanisms underlying nutritionally mediated precocious puberty have not been completely elucidated, leptin and leptin-sensitive cells in the hypothalamus appear to play a critical role (Garcia et al., 2003; Maciel et al., 2004) . For example, recent work in our laboratories has reported that heifers fed a high-concentrate diet to promote elevated BW gain during early calfhood exhibit altered expression of leptin-responsive genes within the arcuate nucleus (Allen et al., 2012) . This functional regulation may underlie the process of accelerated puberty.
Although valuable as a model for studying neuroendocrine changes regulating sexual maturation, precocious puberty is not a desirable phenomenon in a production setting. Therefore, a better understanding of the window of opportunity to nutritionally program and optimally time puberty is needed. Using a modified version of a previously reported stair-step nutritional regimen in dairy and beef heifers (Park et al., 1987; Park et al., 1998) , the current study examined the ability of a stair-step compensatory gain nutritional regimen to program the onset of puberty in beef heifers at approximately 11 to 12 mo of age.
MATERIALS AND METHODS
This experiment was conducted at the Texas A&M University Nutrition-Physiology Research Center (College Station, TX). All animal-related procedures were approved by the Institutional Agricultural Animal Care and Use Committee of the Texas A&M University System (AUP 2009-151) .
Animal Procedures and Nutritional Model
Forty spring-born, crossbred heifers (1/2 Angus, 1/4 Hereford, 1/4 Brahman), weaned at approximately 3.5 mo of age (age at weaning = 109 ± 2 d), were stratified by date of birth and assigned randomly to 1 of 4 dietary treatments (n = 10/treatment) in 2 experimental replicates (n = 20/replicate): 1) for low control (LC; n = 10), heifers were fed forage-based diets to promote an ADG of 0.5 kg from wk 0 (4 mo of age) to wk 40 (14 mo of age) of the experiment. 2) For high control (HC; n = 10), animals were fed high-concentrate diets to promote an ADG of 1 kg from wk 0 to 40 of the study. 3) For stair-step 1 (SS-1; n = 10), animals were allowed ad libitum feed intake of a concentrate diet from wk 0 to 10 (6.5 mo of age; period 1) followed by restricted dry matter access of a high-forage diet to promote an ADG of 0.35 kg until wk 20 (9 mo of age; period 2), ad libitum feed intake of a high-concentrate diet until wk 30 (11.5 mo of age; period 3), and restricted intake of a foragebased diet to promote an ADG of 0.35 kg until wk 40 of the study (period 4); 4) stair-step 2 (SS-2; n = 10) is the reverse sequence of SS-1, with the dietary treatment beginning with restricted access to a forage-based diet. Diets were balanced using the level two solution of the Large Ruminant Nutrition System (LRNS; http:// nutritionmodels.tamu.edu/lrns.htm), which is based on the Cornell Net Carbohydrate and Protein System as described by Fox et al. (2004) . Targeted ADG was attained by adjustments in the DMI based on BW gain determined every 2 wk. Dietary ingredients and chemical composition are presented in Table 1 .
Heifers in each group were allocated to 8 pens (n = 5/ pen) measuring 10 × 6 m and equipped with a Calan Gate individual feeding system (American Calan, Northwood, NH). After weaning, heifers were fed a preexperimental acclimation diet for 2 wk. During the first week of the adaptation period, heifers in all treatment groups were fed a forage-based diet (B1; Table 1) ad libitum. During the second week of acclimation, heifers assigned to HC and SS-1 groups were fed a diet consisting of 50% B1 and 50% of a concentrate-based diet (A1; a maximum of 3.6 kg/heifer daily. Heifers assigned to LC and SS-2 groups were fed B1 through the second week of the adaptation period. After the 2-wk acclimation period, heifers were fed 100% of their respective treatment diets for the remainder of the experiment. During the transition between experimental periods, heifers transitioning from a high-forage diet to a concentrate-based diet were fed 50% of each diet for 1 wk before complete adaptation.
Transition from a high-concentrate diet to a forage-based diet was performed without acclimation. At the end of each dietary period, BCS was scored on a scale of 1 to 9 (NRC, 2000) by visual appraisal performed by the same experienced technician. Blood samples from the coccygeal vasculature were collected monthly for the duration of the experiment for determination of serum concentrations of leptin. During the transition between dietary periods (wk 10, 20, and 30 of the experiment), additional blood samples were collected for determination of serum concentrations of leptin from heifers in the SS-1 and SS-2 groups at the time of diet transition and at 2 and 4 wk after transition. Starting at 8 mo of age, blood samples were collected twice weekly for assessment of circulating concentrations of progesterone. Onset of puberty was defined as the first time point that serum concentrations of progesterone indicated luteal activity for the duration of a normal estrous cycle. The criterion used for identification of the first normal estrous cycle with samples collected twice weekly was the presence of at least 3 consecutive samples with concentrations of progesterone ≥1 ng/mL (Day et al., 1984) . Before feeding, blood samples were drawn into evacuated blood collection tubes (Vacutainer, 10 mL; Becton Dickinson, Franklin Lakes, NJ), placed on ice immediately, and centrifuged (2,200 × g for 30 min at 4°C) for collection of serum. Blood serum was stored at -20°C until hormone assays.
Hormone Assays
Circulating concentrations of progesterone were determined using a commercial RIA kit (Coat-A-Count, Siemens Healthcare, Malvern, PA) as reported previously (Fajersson et al., 1999) . Sensitivity of the assay was 0.05 ng/mL with intra-and interassay CV of 5.9% and 5.1%, respectively. Circulating concentrations of leptin were determined in triplicate in a single RIA using a highly specific ovine leptin RIA validated for use in bovine serum (Delavaud et al., 2000) and as reported previously (Amstalden et al., 2000) . Sensitivity of the assay was 0.1 ng/mL and intra-assay CV averaged 6%.
Statistical Analysis
Because heifers were fed individually via the Calan Gate system, data were analyzed using heifer as the experimental unit. Changes in BW and concentrations of leptin were analyzed using the mixed procedures for repeated measures (PROC MIXED) of SAS (SAS 9.3; SAS Inst. Inc., Cary, NC) and Satterthwaite approximation to determine the denominator degrees of freedom for the tests of fixed effects. Sources of variation were treatment, experimental replicate, week, and their interactions. Week was used as the repeated variable, and heifer was used as the subject. The least squares means procedure was used to compare means when a significant difference was detected in the MIXED analysis. Kaplan-Meier survival analysis (Prism 5; GraphPad Software Inc., La Jolla, CA) was used to evaluate the effect of treatment on the onset of puberty during the experimental period. The analysis used regression of the cumulative proportion of pubertal heifers as a function of week of the experiment. When the treatment effect was significant, contrasts were used to compare groups using the GLIMMIX procedure of SAS.
RESULTS

Body Weight Gain and Circulating Concentrations of Leptin
Because no replicate effect was observed for BW gain, BCS, and circulating concentrations of leptin, data were pooled by treatment. Mean (±SEM) BW at the beginning of the experiment did not differ between groups (150 ± 2 kg). Body weight gain in all groups followed a pattern similar to that projected in the experimental design (Fig. 1) . Heifers in the HC group had greater (P < 0.05) mean BW than LC heifers starting at wk 6 of the experiment and continuing throughout the study. As expected, at the end of the first dietary period (wk 10), heifers in the SS-1 group had greater (P < 0.01) BW than heifers in the SS-2 group. However, after changes in the targeted ADG during the second 10-wk dietary period, mean BW of animals in the SS-1 and SS-2 groups did not differ significantly at the end of period 2 (wk 20). Because heifers in SS-1 were transitioned to ad libitum consumption of a high-concentrate diet during period 3 (wk 20 to 30) and heifers in SS-2 were subjected to restricted intake of a forage-based diet, BW for SS-1 heifers was greater (P < 0.05) than SS-2 group at the end of period 3 (wk 30). Because the majority of the heifers in the SS-1 (8/10) and HC (7/10) groups were pubertal before the beginning of dietary period 4 (wk 30 to 40) and were removed from the study, growth and metabolic variables for these 2 groups were not analyzed for the last nutritional period of the experiment. Mean ADG and BCS during the different dietary periods are presented in Table 2 .
Mean (±SEM) circulating concentrations of leptin at the beginning of the experiment did not differ between groups (2.9 ± 0.3 ng/mL). Concentrations of leptin were greater (P < 0.05) in HC heifers when compared to LC heifers at wk 8 and at wk 16 of the experiment and remained greater (P < 0.01) than in LC heifers until the end of the experiment (Fig. 2) . Animals in the SS-1 and SS-2 groups, as expected, consistently exhibited increased concentrations of leptin during the ad libitum consumption periods (SS-1, periods 1 and 3; SS-2, periods 2 and 4). Following transition to a period of feed restriction (SS-1, periods 2 and 4; SS-2 period 3), heifers in both groups demonstrated rapid declines in circulating concentrations of leptin (Fig. 2) . Mean concentrations of leptin in the SS-2 group remained persistently low during periods of nutrient restriction (periods 1 and 3; Fig. 2) ; however, heifers in the SS-1 group demonstrated a rise (P < 0.01) in concentrations of leptin that occurred during the period of restriction of feed intake (period 2; Fig. 2 ).
Pubertal Onset
No replicate effect was observed for age and BW at pubertal onset; therefore, data were pooled by treatment. Survival analysis indicated that heifers in the LC group attained puberty later (P < 0.05) than all other groups in the experiment. Furthermore, SS-2 heifers achieved puberty later (P = 0.057) than both the HC and SS-1 groups, which did not differ (P = 0.63) in mean age of pubertal onset (Fig. 3) . At 12 mo of age, the proportion of pubertal heifers did not differ (P = 0.36) between the SS-1 and HC groups, with 80% and 70% pubertal, respectively. In contrast, the proportion of heifers pubertal by 12 mo of age in SS-2 (40%) and LC (30%) was less (P < 0.05) than in both HC and SS-1. However, by 14 mo of age, a greater (P < 0.01) proportion of heifers in SS-2 had also attained puberty compared to LC heifers, with 90% and 40% pubertal in SS-2 and LC, respectively (Fig. 3) .
Because only 40% (4/10) of LC heifers had reached puberty by the end of the experiment, comparisons of mean BW at onset of puberty were performed only between the HC, SS-1, and SS-2 groups (Table 2) . Heifers in the SS-1 group tended to be lighter (P = 0.09) at puberty than heifers in the HC group. Mean BW at puberty for SS-2 heifers did not differ from HC and SS-1 groups (Table 2) .
DISCUSSION
The first reports of a stair-step nutritional regimen involved a combination of energy restriction and refeeding periods designed to induce compensatory growth and to improve lactation performance in dairy and beef heifers (Park et al., 1987 (Park et al., , 1998 . These studies demonstrated that the stair-step approach results in greater BW gain, increased appetite and feed conversion efficiency, and improved mammary gland development (Park et al., 1987, e,f Within a row, means without a common superscript tend to differ (P = 0.09).
1 Least squares means.
2 Because the majority of the heifers in the HC and SS-1 groups were pubertal before the beginning of period 4, data from these 2 groups were not analyzed for the last period of the study.
3 Body condition score was determined by visual inspection.
Figure 1.
Mean BW of heifers weaned at approximately 3.5 mo of age and subjected to 1 of 4 nutritional treatments: high control (HC; n = 10), low control (LC; n = 10), stair-step 1 (SS-1; n = 10), or stair-step 2 (SS-2; n = 10). Body weight of HC heifers was greater than LC heifers beginning at wk 6 (P < 0.05) and continuing throughout the study (P < 0.01). Because all heifers in the HC and SS-1 groups were pubertal by 36 wk of the experiment, data from those 2 groups are not presented beyond that time point.
1998; Ford and Park, 2001 ). The stair-step nutritional regimen reported by Park et al. (1987) also revealed that compensatory growth significantly influences metabolism and endocrine status of heifers. On the basis of these reports, we designed a similar nutritional approach that involved alternating dietary periods of feed intake restriction and ad libitum consumption that focused on programming the onset of puberty. Previous studies suggested that a critical window for nutritional programing of accelerated puberty appears to exist early in the juvenile development (Gasser et al., 2006a; Allen et al., 2012) . Thus, we reasoned that a favorable nutritional and metabolic status between 4 and 6.5 mo of age would lead to functional changes in the neuroendocrine reproductive system that would persist after a period of feed intake restriction between 6.5 and 9 mo of age. Moreover, on refeeding at 9 mo of age, a recurring positive metabolic status that is mainly characterized by a robust increase in concentrations of leptin would activate the previously programmed neuroendocrine pathways that lead to onset of puberty.
Results of the experiment reported herein confirm our hypothesis that timing of puberty can be shifted temporally by exposing heifers to a stair-step nutritional feeding regimen during the juvenile development period. Interestingly, even though heifers in the SS-1 were subjected to a significant restriction in feed consumption between 6.5 and 9 mo of age, the proportion of pubertal heifers by 12 mo of age did not differ between SS-1 and HC. Similarly, Gasser et al. (2006a) demonstrated that Bos taurus heifers weaned at approximately 4 mo of age and fed a high-concentrate diet that promoted a relatively high rate of BW gain between 126 and 196 d of age had accelerated puberty. However, puberty was not advanced at the same rate when heifers were fed a similar diet later during the juvenile development. Together these results indicate that during early calfhood development, plausibly between 4 and 6.5 mo of age, heifers are more sensitive to nutritional programming that can accelerate the timing of puberty. Importantly, even though there was a delay in sexual maturation of SS-2 heifers in the current study when compared to the HC and SS-1 groups, the SS-2 group still demonstrated a hastening of pubertal onset when compared to LC. A majority (70%) of SS-2 heifers reached puberty between 12 and 13 mo of age while gaining BW at high rates later in juvenile development compared to SS-1. Corroborating previous findings, heifers fed a high-concentrate diet to promote a continuously high rate of BW gain after weaning (HC) exhibited an accelerated rate of pubertal maturation. This phenomenon is associated with an attenuation of estradiol negative feedback and increased pulsatile secretion of LH (Gasser et al., 2006b,c) .
Although numerous studies have demonstrated that nutrition and metabolism play major roles in controlling Figure 2 . Mean circulating concentrations of leptin of heifers weaned at approximately 3.5 mo of age and subjected to 1 of 4 nutritional treatments: high control (HC; n = 10), low control (LC; n = 10), stair-step 1 (SS-1; n = 10), or stair-step 2 (SS-2; n = 10). Concentrations of leptin were greater (P < 0.05) in HC heifers when compared to LC heifers at wk 8 and at wk 16 of the experiment and remained greater (P < 0.01) than in LC heifers thereafter. Because all heifers in the HC and SS-1 groups were pubertal by 36 wk of the experiment, data from those 2 groups are not presented beyond that time point. Cumulative percentage of heifers that attained puberty after weaning at 3.5 mo of age and receiving 1 of 4 nutritional treatments: high control (HC; n = 10), low control (LC; n = 10), stair-step 1 (SS-1; n = 10), or stairstep 2 (SS-2; n = 10). a-c Lines without a common superscript differ (P ≤ 0.057).
pubertal development in mammals, the neuroendocrine pathways regulating this process have not been completely elucidated. In primates and rodents, GnRH neurons (which ultimately regulate secretion of LH and control puberty) do not appear to express leptin receptors (Finn et al., 1998; Quennell et al., 2009) , suggesting that leptin's effects on GnRH release are likely mediated by intermediate pathways (Schneider, 2004; . Information from other metabolic factors such as insulin, IGF-1, and ghrelin is also possibly integrated in a complex neural network that perceives and signals availability of metabolic fuels to the central reproductive system (Schneider, 2004; Amstalden et al., 2011) . Hypothalamic neuropeptide Y (NPY) and proopiomelanocortin (POMC) neurons are considered key pathways for nutritional control of reproduction (Crown et al., 2007; Amstalden et al., 2011) . Neuropeptide Y has a predominant inhibitory action on the release of LH in ruminants (Gazal et al., 1998; Estrada et al., 2003; Morrison et al., 2003) . Recent work conducted by our group has demonstrated that accelerated BW gain in association with high-concentrate diets during early calfhood results in decreased abundance of NPY mRNA in the arcuate nucleus and a reduced proportion of GnRH neurons in close proximity to NPY fibers when compared to lower rates of BW gain Allen et al., 2012) . In addition, we demonstrated that heifers fed in this manner have decreased concentrations of NPY in the cerebrospinal fluid collected from the third ventricle when compared to heifers gaining BW at lower rates (Cardoso et al., 2012) . The melanocortin system is also considered to play an important role in mediating the metabolic control of reproductive functions (Schneider, 2004) . Melanocyte-stimulating hormone α, one of the products of the POMC gene in the hypothalamus, has been proposed to stimulate GnRH episodic release (Roa and Herbison, 2012) . Using similar nutritional models, our group demonstrated that POMC mRNA abundance in the arcuate nucleus is increased in prepubertal heifers fed high-concentrate diets and gaining BW at high rates when compared to animals gaining BW at lower rates (Allen et al., 2012; Cardoso et al., 2013) . Therefore, these results suggest that nutritional programming of early puberty in heifers might be mediated by transcriptional and morphological alterations within the hypothalamus that result in increased excitatory inputs and decreased inhibitory tone on GnRH neurons.
In the current study, the greater circulating concentrations of leptin in HC compared with LC heifers confirmed the elevated nutritional/metabolic status in that group. Leptin, a metabolic hormone secreted mainly by adipocytes, is positively correlated with body fat mass (Ahren et al., 1997) and has a critical role in the progression of sexual maturation in several species, including cattle (Zieba et al., 2005) . Feed restriction in prepubertal heifers markedly reduces leptin mRNA abundance in adipose tissue as well as circulating concentration of leptin and the frequency of LH pulses (Amstalden et al., 2000) . In addition, it has been demonstrated that leptin administration prevents a fasting-mediated reduction in frequency of LH pulses in prepubertal heifers (Maciel et al., 2004) . Leptin has also been demonstrated to regulate the development of neuronal projections in the hypothalamus (Bouret et al., 2004) . Herein, as expected, mean concentrations of leptin in the SS-1 and SS-2 groups increased throughout the periods of ad libitum feed consumption, which occurred during early periods of juvenile development. Thus, this early elevation in circulating leptin may have programmed hypothalamic functions that facilitate the onset of puberty once adequate nutritional status is attained. Although concentrations of leptin decreased rapidly after the transition to dietary periods of intake restriction, the programming of neuroendocrine functions regulating reproductive maturation appears to have been established.
Interestingly, although concentrations of leptin remained low during periods of limited feed consumption in the SS-2 group, circulating concentrations of leptin in SS-1 rebounded during the period of feed restriction and remained elevated even though they were still under severe nutrient restriction. This indicates that accelerated BW gain during the early juvenile period through consumption of a high-concentrate diet, as seen in SS-1 heifers during the first dietary period, might program function of peripheral organs, including adipose tissue. The apparent increased capacity of adipose tissue in SS-1 heifers for leptin synthesis and secretion during the period of feed restriction between 6.5 and 9 mo of age supports this contention. Similarly, the ratio of leptin to fat mass in the human adolescent has been shown to be significantly greater in individuals with greater nutrient intake during the early postnatal period (Singhal et al., 2002) . Moreover, Lopez et al. (2007) demonstrated that overfed neonatal rats growing up in small litters show marked hyperleptinemia during adulthood, indicating that the programming of leptin synthesis and secretion in adipocytes through earlier exposure to heightened nutritional conditions might be one mechanism that links early nutrition with later obesity. Therefore, we believe that postnatal nutritional acceleration of puberty in heifers mediated by key alterations in the neuroendocrine system might also be facilitated by early programming of adipose tissue.
In summary, our results indicate that the age at onset of puberty can be nutritionally programed by exposing heifers to a stair-step nutritional regimen during juvenile development. In addition to previously characterized key alterations in the reproductive neuroendocrine system, postnatal nutritional acceleration of puberty in heifers might also be facilitated by early programming of leptin secretion in adipose tissue. Even though heifers are more sensitive to the nutritional acceleration of puberty during early calfhood (4 to 6.5 mo of age), managerial approaches that focus on increasing availability of nutrients around 6 to 9 mo of age (SS-2) can potentially time reproductive maturation consistently so that the majority of replacement beef heifers have reached puberty at 11 to 14 mo of age while avoiding a high incidence of precocious puberty. Furthermore, if heifers are developed on a well-controlled nutritional regimen based on periods of nutrient restriction and realimentation, significant improvements in growth efficiency and lifelong lactation performance could also be achieved (Park et al., 1987) .
